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518a Tuesday, February 5, 2013Further we created nanometer-scale transmembrane channels in lipid bilayers
using self-assembled DNA-based nanostructures [2]. Scaffolded DNA origami
was used to create a stem that penetrates and spans a lipid membrane, and a bar-
rel-shaped cap that adheres to the membrane in part via 26 cholesterol moieties.
In single-channel electrophysiological measurements, we find similarities
to the response of natural ion channels, such as conductances on the order of
1 nS and channel gating. In single-molecule translocation experiments, we
highlight one of many potential applications of the synthetic channels, namely
as single DNA molecule sensing devices.
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Nanopore analysis holds great promise for performing DNA footprinting,
wherein the locations of binding entities can be mapped along single molecules
to reveal substructure. Towards this goal, we describe progress in the use of
solid-state nanopores for the detection of sequence-specific proteins bound to
double-strand DNA. We detect multiple specific binding entities during trans-
location using a common current sensing technique. We further investigate cus-
tom molecular constructs that offer single protein binding sites as a model
system. Successful implementation of this measurement technique has implica-
tions for future use in rapid genetic and epigenetic diagnostic systems.
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Nanopores have been used in label-free single-molecule studies, including in-
vestigations of chemical reactions, nucleic acid analysis and applications in
sensing. Biological nanopores generally perform better than artificial nano-
pores as sensors, but they have disadvantages including a fixed diameter.
Here we introduce a biological nanopore ClyA that is wide enough to sample
and distinguish large analytes proteins, which enter the pore lumen. Remark-
ably, human and bovine thrombins, despite 86% sequence identity, elicit
characteristic ionic current blockades, which at50mVdiffer in their main cur-
rent levels by 265 1 pA. The use of DNA aptamers or hirudin as ligands further
distinguished the protein analytes. Finally,
we constructed ClyA nanopores decorated
with aptamers covalently attached to the
nanopore exterior. Like nuclear-pore com-
plexes (NPC), these nanopores selectively
captured and translocated cognate protein
analytes into their interiors, but excluded
non-cognate analytes.2658-Pos Board B677
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Nanopore translocation experiments have revealed many interesting single
molecule characteristics, including molecular size and local structure. In
this work, we investigate the effects of pH on Lambda (D) DNA transloca-
tions through solid-state nanopores. We measure dwell time and conductance
blockage of unfolded D DNA while varying the pH systematically over a range
from 3 to 10. Our measurements indicate that electrophoresis (EP), electroos-
mosis (EM), and diffusion (DF) all play important roles during the transport
process. We find that D DNA mean dwell times increase as the electrolyte pH
approaches the DNA isoelectric point and translocation direction changes
polarity at low pH. The relative contributions of EP, EM and DF change at
different rates with pH to produce the observed net effects. Our results
emphasize the importance of DNA and nanopore zeta potential considerationswhen analyzing single molecule translocation dynamics and offer a possible
route towards reduced translocation speed while retaining high signal-to-
noise ratio.
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Biological nanopores are single molecule sensors able to probe individual DNA
molecules. In this method, a nanometer scale pore is inserted into a lipid bilayer
in an electrolyte solution. Voltage is applied across the bilayer and the ionic
current through the pore is measured. DNA nucleotides residing in the pore
constriction modulate the resistance of the DNA-pore system. Our group pre-
viously introduced Mycobacterium smegmatis porin A (MspA) as a biological
nanopore sensor with high signal to noise resolution of DNA nucleotides. In
this work, we perform force spectroscopy on individual single-stranded DNA
molecules. DNA molecules are attached to NeutrAvidin and driven into
MspA until the NeutrAvidin comes to rest on MspA’s entrance. Approximately
14 nucleotides span the distance to MspA’s constriction. The nucleotides
within the pore constriction experience a force proportional to the applied volt-
age. By varying the voltage applied across the pore, we detect stretching of the
DNA with angstrom precision. These experiments validate MspA as a single
molecule tool to study mechanical properties of DNA.
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Today’s single molecule studies rely almost exclusively on force-based detec-
tion and/or optical detection. A third, fundamentally new, detection technology
utilizes the electrostatic signals generated by single molecules. using the pro-
tease thermolysin we show that enzymatic activity can be detected with single
turnover resolution using a carbon nanotube field-effect transistor sensor. A sin-
gle thermolysin molecule is site-specificially immobilized to the carbon nano-
tube via a cysteine residue. In the presence
of a thermolysin substrate the sensor
shows discrete switching between two
conductivity levels. The switching signal
depends on the substrate concentration,
and does not occur in the absence of sub-
strate. We envision that this approach
can be generalized to a large number of
enzymes, allowing for single enzyme stud-
ies of many enzyme-substrate systems.
Micro- and Nanotechnology I
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Applications in drug discovery and nanopore DNA sequencing demand highly
integrated and scalable electrophysiology platforms for ion channel recordings.
Both the physical size and high-frequency signal-to-noise ratio of such systems
are commonly constrained by the interconnects and fluidics accompanying
a measurement, rather than by fundamental properties of the channel proteins
or electronics involved. Here we present a platform for high-resolution ion
channel recordings which physically integrates custom low-noise electronic
voltage-clamp preamplifiers with ion channel proteins in reconstituted lipid
membranes. We demonstrate scenarios in which single-channel resolution is
maintained to very high signal bandwidths, and provide a window into the
high data rates and channel densities which can be achieved by leveraging ex-
isting complementary metal-oxide-semiconductor (CMOS) microelectronics
for advanced electrophysiology platforms.
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Tuesday, February 5, 2013 519aThe spatial resolution and non-contact working conditions of a scanning ion
conductance microscope (SICM) are largely determined by the size and shape
of the scanning probe tip. Estimating the tip geometry has traditionally required
the use of scanning electron microscopy (SEM), a difficult, time-consuming
process that, even if successful, provides little information about the crucial in-
ner geometry of the probe. As a result, such measurements are not routinely
made. Instead, tip sizes are often crudely estimated from pipette resistances.
We have developed a simple method of more precisely estimating the geometry
(tip radius and inner cone angle) from multiple resistance measurements re-
corded during quasi-controlled breakage of the tip. Such measurements can
be easily obtained using only the standard SICM apparatus. Results compare
favourably with SEM estimates, are more informative and avoid some of the
assumptions necessary for SEM estimation.
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Electrophysiological characterization of reconstituted ion channels requires
a stable and electrically addressable membrane, usually an aperture-
suspended lipid bilayer in a septum that separates two aqueous compartments
having polarizable electrodes for detection of picoampere channel gating
events. Unfortunately, bilayers formed in conventional cylindrical apertures
in septum materials such as Teflon and polystyrene are relatively fragile.
Apertures with a low thickness/diameter ratio are expected to facilitate the
formation of more stable bilayers, but thin septa are difficult to handle and
also increase electrical noise in the ion channel current measurements due
to an increased background capacitance. In this study we used 3D UV-
lithography to create tapered apertures in layers of UV-curable polymers,
which have similar electrical properties as Teflon or polystyrene sheets. In
these beak- or triangle-shaped apertures, the septum thickness at the edge
of the aperture, where the bilayer is formed, is substantially smaller than
the bulk septum thickness. We established that >50 mm thick layers are suf-
ficiently robust, following release from the substrate, to be used as septum
sheets and also exhibit a low background capacitance. The moderate hydro-
phobicity of these photoresists was mitigated by vapor deposition of Parylene
C, resulting in a contact angle of 110o, thus combining the favourable
mechanical and electrical properties of traditional septum materials with
lithography-enabled control of aperture diameter and shape. Bilayer forma-
tion with both the painting and the Montal-Mueller method was demonstrated
for shaped apertures with an inner diameter of 60 mm. Significantly, these
bilayers were stable for 24 hours or more at potentials >125 mV, and sus-
tained continuous ion channel activity. This remarkable stability is suitable
for automated bilayer array formation for high-throughput ion channel
measurements.
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The behavior of water in nanopores is very different from bulk water and
strongly depends on the chemical characteristics of the pore walls. If the
pore walls are lined with hydrophobic groups the density of water was pre-
dicted to be significantly lower than in the bulk and if a pore is sufficiently nar-
row, the water can even evaporate stopping any transport through the
membrane. We provided an experimental evidence for the nano-induced water
evaporation and condensation by chemically modifying polymer nanopores
with decylamines. Hydrophobic properties of the pore walls were confirmed
by contact angle measurements of a polymer film subjected to the same mod-
ification as the nanopores. The hydrophobic pores are closed for water and
ionic transport unless a sufficiently high transmembrane potential is applied.
The off state of the pore corresponds to the pore filled with water vapor. The
pores conduct ion current only if the water undergoes condensation. The
switching between open and closed was found fully reversible over many upto 20 cycles. For the intermediate voltages the pore would fluctuate between
two conducting states. We also found that hydrophobic interactions tune
rectifying properties of the pores. Understanding hydrophobic properties in
nano-confinement is important in the light of recent findings of the role of
hydrophobic interactions in the function of voltage-gated channels. Applica-
tion of hydrophobic-gating in building drug-delivery systems was investigated
with multi-pore membranes.
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Ion channels are transmembrane proteins responsible of ion exchange between
intra- and extra-cellular environments. Ion channel play an essential role in
many biological processes and their malfunctions are involved in several dis-
eases or severe pathologies. As a result, ion channels are targets of numerous
pharmaceutical compounds.
The capability of ion channels to respond to different chemical-physical stimuli
has inspired the design of hybrid sensors, where they are adopted as sensing
units. This approach has already been employed for the detection of molecules
in solution and for DNA sequencing.
Both for biology and electronics extents, it is crucial to characterize ion channel
electrical behavior with high accuracy and precision. This is achieved using
low-noise acquisition equipments able to amplify ion channel picoamps-
range currents.
Commercially amplifiers for ion channel recording are bulky instrumenta-
tions and are limited in the number of channel simultaneously acquired
due to their discrete-architecture electronic limitations. To overcome this
weaknesses a single-microchip (integrated circuitry-based) amplifiers have
been presented. Unfortunately they suffer from shortcomings like system in-
tegration, data elaboration and digital interface, resulting in unsettled
systems.
We developed an innovative low-noise technology for ion channel acquisi-
tion microchips that allow us to shrink in few squared millimeters the
acquisition system improving the performances usually obtained with bulky
instruments.
We present our new technology integrated into a microchip and embedded into
a USB pen ready to use. The fully comprehensive system includes the ampli-
fier, the data elaboration, the digital interface and the data link.
Furthermore, our technology allows us to configure the system for single or
multi-channel acquisition, addressing the needs of emerging microfluidic tech-
niques. Moreover, it offers an extremely flexible input interface and a user pro-
grammable stimulus, allowing different setups for different low-noise
acquisition needs in different applications.
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Quantitative studies on the electroporation and voltage-induced rupture of
synthetic lipid membranes require many experiments under standardized con-
ditions. We used an array platform which allows quick, simultaneous and repet-
itive membrane formation on 16 identical apertures. Effective voltages for 50%
membrane rupture (EV50) were determined for voltage pulse durations of
1,5,10,20,50 and 100ms, different ionic strengths (150,500 and 3 M KCl),
pH (7 or 9) and with and without Ca2þ (10 mM), with n>300 per datapoint.
EV50 values ranged from 350-550 mV showing subtle but clear changes
with high ionic strength, Ca2þ (ca.-40 mV) and alkaline pH (ca.þ35 mV).
To determine the relationship between transient (metastable) pore-formation
and irreversible membrane rupture, single bilayers were studied using a high-
resolution amplifier (Axopatch200B). In
the case of Ca2þ, we noted that a lowering
of EV50 was accompanied by a decrease,
not an increase, in the incidence of pre-
rupture pore formation: with 150 mM
KCl alone, rupture with detectable prior
pore formation occured in 33% of cases
(n=242), while, with 10 mM Ca2þ added,
only 17% of membrane ruptures (n=53)
were preceded by pore formation.
